In both classical (Kandel et al., 1967) and more recent (e.g., Cleary and Byrne, 1993) work on functional neuronal networks, neurons were represented as isopotential elements that perform simple operations; they either excite or inhibit other elements in the circuit diagram and the function of the circuit depends on the interaction between neurons rather than on the detailed properties of the individual nerve cells. However, the combined results from modeling studies (e.g., Segev et al., 1992) , from studies of the relationship between structure and function for individual neurons (Jacobs and Miller, l988) , and from direct electrical (Regehr et al., 1992 (Regehr et al., , 1993 Stuart and Sakmann, 1994) and optical (Tank et al., 1988; Ross et al., 1993) measurements of electrical properties of neuronal processes, clearly indicate that it may not be sufficient to mode1 real neurons as simple isopotential units. These studies show that the geometry and regional electrical properties of neurons determine how synaptic inputs are integrated into an output signal. While this is true for neurons with passive dendrites, it is especially the case for cells with dendritic processes capable of generating active responses. Recent experimental data show that some dendrites do not behave as passive elements but generate active responses (Llinas and Sugimori, 1980; Tank et al., 1988; Lasser-Ross et al., 1991; Miyakawa et al., 1992; Kim and Connors, 1993; Midtgaard et al., 1993; Regehr et al., 1993; Stuart and Sakmann, 1994) . Regehr et al. (1992 Regehr et al. ( , 1993 suggested that under certain conditions the primary spike initiating zone may be in the dendrites rather than in the initial segment of the axon. However, this has not yet been directly recorded, and the location of the trigger zone remains uncertain.
Although the precise role of regional specializations in excitability of neuronal processes is largely unknown, experimental evidence in several preparations has shown that regional characteristics of neurons may be utilized to provide particular functions. Jacobs and Miller (I 985, 1988) demonstrated, using laser inactivation techniques, that the directional sensitivity of the cricket to the wind depends precisely on the mapping of sensory information from primary afferents onto the dendritic branching structure of an interneuron. In experiments on motion-sensitive interneurons of the fly, Borst and Egelhaaf (1992) demonstrated that the function of these cells is based on selective activation of restricted parts of dendritic tree by different visual stimuli. Indirect experiments suggested that dendrodendritic interactions occur between motion sensitive interneurons in the fly (Egelhaaf et al., 1993) . Also, there is substantial evidence from other preparations that some parts of a dendritic arborization may function as independent units (for review, see Cohen and Wu, 1990) .
While it is clear that understanding the functional role of neurons requires determination of regional factors that control electroresponsiveness, progress is restricted because this type of analysis is technically difficult. Adequate experimental techniques for examining the electrical behavior of neuronal proThe Journal of Neuroscience, February 1995, U(2) 1393 Figure   1 . Giant metacerebral interneuron following 12 hr incubation at 15°C after injection with the fluorescent voltage-sensitive dve. JPWI 114. The cell b;dy and main-processes are on the surface of the ganglion and clearly visible in the unfixed preparation. Excitation, 540 2 30 nm; dichroic mirror, 570 nm; barrier filter, 610 nm.
cesses are not available. It would be useful if membrane potential transients could be recorded from many different locations on neuronal processes. Obviously, multisite electrical measurements using microelectrodes are not possible because neuronal processes are hard to visualize and too small to tolerate microelectrodes at multiple sites. Direct evidence about electrical signaling in neuronal processes might be achieved by monitoring membrane potential transients at many sites along the dendritic arborization, soma, and axon, by using voltage-sensitive dyes. In 1984, Ross and Krauthamer demonstrated the possibilities and limitations of using extracellular staining and absorption measurements. The work of Obaid et al. (1982) and Grinvald et al. (1987) demonstrated advantages (and difficulties) in using intracellular fluorescent probes. In these experiments, recording of membrane potential transients was possible only under favorable circumstances. It was clear that additional improvements in sensitivity was required before regional characteristics in single neurons could be systematically analyzed.
We report here the results of optical monitoring of the generation and spread of action potentials and subthreshold signals from neurons within intact ganglia with a significant improvement in sensitivity. The obtained sensitivity depends on using fluorescence measurements and selective staining of only one neuron within a ganglion by intracellular injection of membrane impermeant voltage-sensitive dye (Grinvald et al., 1987) , and on finding a dye that gives relatively large signals when applied internally.
Preliminary reports of these experiments have appeared (Xiao and ZeEeviC, 1988; ZeEeviC and Antic, 1992; Antic and ZeEevic, 1993a,b) .
Materials and Methods
Preparurion and dye injection.
Experiments were carried out on identified neurons from the subesophageal and cerebral ganglia of the terrestrial snail, Helix aspersa. The ganglia were dissected from the animal and placed in a Sylgard-coated chamber containing Helix saline (mM): 80 NaCl, 4 KCI, 5 MgCl,, 5 CaCl,, 5 Tris-HCI adjusted to pH = 7.8. The thick connective tissue was mechanically removed and the ganglion treated with a 0.5% trypsin solution (Sigma, Type IX) for 5-10 min at room temperature followed by 10 min exposure to a 0.5% solution of trypsin inhibitor (Sigma, Type II-S). After enzyme treatment, the thin connective tissue directly covering the neurons was carefully removed.
Neurons were impaled under visual control. The tip of the microelectrode was backfilled with near-saturated solution of a voltage-sensitive dye dissolved in distilled water. For example, we used a 3 mg/ ml dye solution of the styryl JPWl114 that saturates at about 5 mg/ml. The dye solution was filtered before filling the electrodes to eliminate microscopic particles that tend to block the tip of the electrode during pressure injection. We used Millex-GV, filters with 0.22 pm pore size (Millipore, Bedford, MA).
Dyes were injected by applying repetitive, short pressure pulses to the microelectrode using a Picospritzer (General Valve Corp., Fairfield, NJ) The microelectrode tip size, pressure settings, and pulse duration were adjusted for each dye (pressure was varied between 5 and 60 psi, pulse duration between 1 and 50 msec, and microelectrodes ranged from 2 to 10 MR when filled with 3 M KC]).
After the injection was completed, several preparations were incubated at different temperatures (5, 15, 20, 25, and 30°C) for different periods (l-72) hr to determine the optimal conditions for the spread of a particular dye into the distal processes. For example, we found that the spread of the fluorescent styryl dye JPW1114, over a 1 mm long axonal branch, was not complete after 5 hr at 15°C. An improvement in the signal-to-noise ratio was obtained after 12 hr, but extending the incubation period further did not produce an additional improvement. We did not observe differences in the spread of the dye at 15, 20 and 25°C. The spread was noticeably slower at 5°C. Incubation at 30°C for 2-3 hr did not noticeably improve the spread of this dye and longer incubations at 30°C were damaging to the preparation. For this dye, we routinely incubated the preparation at 15°C for 12 hr before making optical recordings.
Absorption experiments were performed on identified neurons from subesophageal ganglia from young (0.5 gm) animals to insure high transmitted light intensity. Ganglia from older animals were less transparent. The sensitivity of fluorescence measurements, using epiillumination, depended on finding a cell of suitable anatomy. All fluorescence measurements were performed on the identified giant metacerebral interneuron (Kandel and Taut, 1965) . The cell body of this neuron is situated on the ventral surface of cerebral ganglion and its main axonal branches project into the commissure and peripheral nerves, also running on the surface. There are two symmetrical cells in every preparation. Figure 1 shows a metacerebral interneuron injected with JPWll14, as observed under epifluorescence. The ganglion was pinned in such a way that the long axonal branches are in one plane of focus for the 10X/0.4 NA objective that was used for optical recording. We used the recording system for fast, multisite optical monitoring of membrane potential changes. Detailed descriptions of the method have appeared in Cohen and Lesher (1986) and Wu and Cohen (1993) . A schematic diagram of the apparatus is shown in Figure 2 . The preparation was positioned on the stage of a microscope and the image of the stained cell projected onto the photodiode array positioned at the primary image plane. A tungsten-halogen bulb was a light source in all experiments. Interference filters or filter-combinations were used to select the appropriate wavelength of light in absorption and fluorescence measurements. Transmitted light was used for absorption measurements and epiillumination for fluorescence. The optical signals were recorded by 124 elements of a 12 X 12 photodiode array (Centronix Inc., Newbury Park, CA). The output current of each diode was converted to voltage and individually amplified. High frequency noise in the recording was limited by the 1 kHz cutoff frequency of the low-pass filter (four-pole Bessel filter). An RC filter with a cutoff frequency of 1.5 Hz was used to limit low-frequency noise. The recording apparatus (Wu and Cohen, 1993) . Schematic drawing of the optical apparatus for absorption and fluorescence measurements. The photodiode array was placed at the plane where the objective makes a real, magnified, and inverted image. The illumination intensity was increased by about 50% by overrunning the 12 V, 100 W tungsten-filament lamp (9 A instead of 8.3 A). In absorption measurements, light from a tungsten-filament lamp was heat filtered, passed through an appropriate interference filter, and focused on the preparation using a modification of Kohler illumination and ordinary light microscopy. In fluorescence measurements, epiillumination with a 10X, 0.4 NA, long working distance, objective was used. The preparation was illuminated with the green portion (interference filter 520 f 45 nm) of the output of a tungsten-filament lamp. Fluorescence emission from the preparation was selected by means of a dichroic mirror and an appropriate barrier filter (Schott RG610). The output of each detector was individually amplified, filtered (four-pole Bessel filter, Wu and Cohen, 1993) . multiplexed, digitized, and stored in a Motorola VME bus computer also used to analyze and display the data.
amplifier circuit that allowed an AC coupling time constant of about 1 msec to be enabled under computer control every time the shutter controlling the light was opened. Amplifiers would settle to baseline in about 10 msec. The time constant was then switched back to that desired for recording, and the recording started. In this way, we were able to close the shutter between trials and keep the light off except for the 150 msec recording interval for each trial. Amplifier outputs were digitized at a 1 kHz sampling rate. In a typical experiment, the cell was stimulated by passing current through a microelectrode to produce action potentials or electrotonic, subthreshold responses, while simultaneously recording optical signals from multiple sites on the neuron. When signal averaging of optical traces was required, the data acquisition program determined the time of the peak of the electrically recorded action potential, and this data point was used as the reference point for averaging. This was necessary because the delay between the onset of the stimulus delivered through the microelectrode in the soma and the evoked action potential was not perfectly constant.
Results
The first series of experiments ware carried out using absorption measurements because absorption dyes were substantially better in terms of photodynamic damage as compared to fluorescence dyes. We tested analogues of the most successful absorption dyes known from extracellular application (Ross et al., 1977; Cohen and Lesher, 1986; London et al., 1987; Zecevic et al., 1989) . A total of 30 dyes were tested (20 pyrazolone-oxonol molecules, 5 merocyanine dyes, 3 barbituric-acid oxonol dyes, and 2 styryl dyes; see Fig. 3 legend) after intracellular application. The best results were obtained with two positively charged pyrazolone-oxonol dyes (designated JPW 1177 and JPW 1245), and two negatively charged merocyanine dyes (designated WW375 and JPWl124).
However, the signal-to-noise ratio for the best dyes in these series, in recording action potential related signals from the cell soma, varied from l-4 in single trials. The signal-to-noise ratio was determined as the size of the action potential (70-80 mV) related optical signal relative to the peakto-peak noise in the optical trace. Thus, absorption signals were not large enough to allow monitoring voltage transients from neuronal processes without extensive averaging. The low sensitivity of absorption measurements will be discussed below.
Fluorescence measurements are more effective than absorption measurements in the situation where the image of the object (e.g., thin process) is much smaller than the size of a photodetector (Grinvald et al., 1982; Cohen and Lesher, 1986) . When the modified amplifiers (Wu and Cohen, 1993) were used to limit the illumination period to the necessary minimum and improve the dark noise we began fluorescence measurements. We found that JPWll14 was better than the three other fluorescent styryl molecules we tested (RH461, RH437, and JPW1063) as deter- Loew (JPW1063 and JPW1114) . JPWll14 is an analog of the widely used voltage-sensitive dye di-4-ANEPPS (Loew et al., 1992) . These four molecules were tested in fluorescence measurements and the single trial signal-to-noise ratio (S/N) is indicated for each dye. Additional dyes, tested in the absorption mode, are listed below with the single trial signal-to-noise ratio in recording action potential signals from cell soma given in parentheses. mined by signal-to-noise ratio. The structures of these dyes are shown in Figure 3 , together with the single trial signal-to-noise ratio we obtained. JPW1114 was used to obtain results shown in all of the subsequent figures. Figure 4A illustrates the shape of the giant metacerebral neuron in the intact ganglion and how its image was projected onto the array of photodetectors. Since the drawing was done from the unfixed preparation, there was no shrinkage artifact; the detectors in the array are matched correctly with the cell image. The geometry of the neuron is such that both cell soma and long axonal branches are located in the same plane and are in focus for the 10X objective. The image of the neuron was projected onto the 12 X 12 array of photodiodes such that each detector received light from a square area of 112 X 112 pm in the object plane. Changes in fluorescent light intensity were detected by each of 124 elements of the array during the time the neuron was stimulated to produce action potentials.
It is important to know how accurately the voltage-sensitive dye signals represent electrical events. For many voltage-sensitive dyes, absorption and fluorescence changes are both fast and linear with membrane potential changes in the squid giant axon (Gupta et al., 1981; Cohen and Lesher, 1986; Salzberg et al., 1993) . We confirmed this conclusion on metacerebral giant neurons injected with voltage-sensitive dyes by comparing electrical signals with optically recorded action potentials. Figure 4B -E shows optical recordings from selected detectors on an expanded time scale; the optical signals closely follow the waveform of electrically recorded action potentials.
The fractional change in fluorescence light intensity from neuronal processes was of the order of 2 X lO-2/lOO mV. While the signal size expressed as the fractional change in light intensity was roughly the same along the length of the axonal branches, the fractional change was always smaller in the soma regions. Presumably, the background fluorescence from dye not bound to surface membrane was higher in the soma. The soma might have higher proportion of internal membranes per unit volume in comparison to the axon, and/or a less favorable surface to volume ratio. Also, the signal-to-noise ratio from the soma was degraded by vibration noise in the recording. The light intensity from the brightly fluorescent soma was high enough so that noise due to mechanical vibrations in the system was higher than the electrical dark noise that was dominant in the recordings from processes.
With the sensitivity of the dye described and the level of noise in our recording system, relatively good signal-to-noise ratios could be obtained in single trial recordings from most of the processes. However, the most distal regions required averaging to improve signal-to-noise. Usually 4-25 trials were averaged for action potential signals and 20-100 trials for 10 mV subthreshold responses. Figure 4B illustrates a good signal-to-noise ratio in single-trial recording from 6 km axonal branch some 300 pm away from the soma. Figure 4C shows the improvement in signal-to-noise when nine trials were averaged in recordings from the same location, and Figure 40 shows the action potential signal from a more distal thin (3 pm) axonal branch some 600 pm away from the soma. Figure 4E illustrates that it is possible, with signal averaging, to achieve a reasonable signalt JPW dyes are synthesized by J. Wuskel and L. Loew, University of Connecticut Health Center, Farmington, CT (Gupta et al., 1981; Cohen and Lesher, 1986; Loew et al., 1992) . to-noise ratio in recording relatively small, electrotonic responses from distal thin processes. Although the optical signals are similar to the microelectrode measurements, there are some discrepancies due to filtering the optical signals. Figure 5 shows, on an expanded time scale, a comparison of the unfiltered microelectrode recordings from the soma with the optical signals filtered to a different degree to eliminate high-frequency noise. Both action potentials and subthreshold hyperpolarizing response are shown. The optical signals were recorded from the proximal axonal regions adjacent to the cell body to eliminate propagation delays. The shape of the optical signal ( Fig. SA-C) was unaffected by low-pass filtering with cutoff frequency set to 1 and 0.5 kHz, and very little modified at 0.3 kHz. The delay in the optical signal introduced by filtering is the function of the cutoff frequency and was most pronounced at 0.3 kHz. This delay is a constant that does not depend on signal characteristics and can be ignored, since our conclusions are based on comparing optical signals with the same filtering. This is illustrated in Figure 5 , E and F, where filtered optical recordings from two adjacent regions appear identical at both 0.5 and 0.3 kHz corner frequencies. However, all our subsequent records were filtered with a high-frequency cutoff of 1 kHz to minimize the delay introduced by the filter. This conservative approach is based on the fact that the delay may not be exactly the same for each individual channel in the multichannel recording system that we use. We have not determined the extent of the variation in filter-induced delays in different channels, but the results shown in Figure 5 , E and F, indicate that this variation is small. If this can be demonstrated for all channels, it would be more appropriate to use corner frequencies of 0.5 or 0.3 kHz to optimize the signal-to-noise ratio. In addition to analog filtering, digital smoothing was used (1-2-1 smoothing routine, London et al., 1987) but only to an extent that did not change timing information in the signal. After the spikes in Figure 5 , the optical signal appears to decrease more rapidly than the electrical signal. This was an effect of the high-pass filter (in the optical amplifiers) used to limit low-frequency noise. These differences between electrical and optical signals could be largely removed by digitally applying a similar high-pass filter to the electrical signals (not shown).
The extent of pharmacological effects and photodynamic damage induced by JPWl 114 was explored. Previous work has shown that certain voltage-sensitive dyes have little or no effect on the physiological parameters of the action potential when applied from the outside within a limited concentration range (Ross et al., 1977; Gupta et al., 1981) . We found that action potentials evoked in the soma were not affected by intracellular dye injection in amounts sufficient to stain distal processes. However, prolonged injections sometimes resulted in sudden disintegration of the cell. We believe that this was the result of mechanical damage induced by applying pressure through the microelectrode. 0.3KHz Figure   5 . The effect of the low-pass filter on the shape and size of optical signals. Traces from microelectrode recordings and optical detectors were scaled to the same height by adjusting the baseline level and y-axis gain for each trace separately. Small variations in baseline levels in this scaling procedure had little effect on calculated delay values. The same procedure was used in Figures 7 and 8 . Filtering optical signals with a low-pass cutoff frequency of 1, 0.5, and 0.3 kHz reduced the noise while the distortion of the action potential shape was negligible (A-C). Lowpass Bessel filters exhibit a delay between the input signal and the output signal that is inversely proportional to the cutoff frequency and is most obvious at 0.3 kHz (C). The shape of the hyperpolarizing signal was also unaffected by low-pass filtering at a 1 kHz frequency (D). E and F show superimposed optical recordings from two adjacent regions that appear identical if filtered at the same corner frequency (0.5 or 0.3 kHz), indicating that the delay characteristics of the individual channel filters are similar. The faster time scale applies to the action potential recordings and the slower time scale to the hyperpolarizing response. E, electrical recording; 0, optical recording.
Experiments on marine mollusks Nuvanux and Aplysia (London et al., 1987; ZeeeviC et al., 1989; Parsons et al., 1991) showed that while some oxonol absorption dyes caused little or no photodynamic damage even after prolonged illumination, bleaching and photodynamic damage were substantially more rapid with fluorescent dyes. Also, in our initial experiments on Helix neurons using fluorescent styryl dyes, we were limited in averaging optical signals to approximately 20 trials by photodynamic damage that caused a pronounced reduction in the membrane input resistance and progressive decline in action potential amplitude. In those experiments neurons were exposed to high intensity light from the start of the averaging series to the end of the last trial. With amplifiers modified to allow intermittent illumination and limit the illumination time to a necessary minimum (see Materials and Methods), we saw very little photodynamic damage. It was possible to average 100 trials with no noticeable change in action potential amplitude or waveform. The introduction of dark intervals in the series of measurements might have reduced photodynamic damage not only by reducing the absolute time the cell was exposed to high intensity light but also by introducing intermittent "recovery" periods (Bonhoeffer and Staiger, 1988) .
Multiple site recording Figure 6 shows a simultaneous multisite optical recording. The fluorescent light intensity was recorded by each of the 124 elements of the array during the time the neuron was stimulated to produce action potentials. Each trace in the figure represents the output of one photodiode. The full array is not represented; the two top rows of detectors do not have any signals and are not included in the figure. The same recording is represented on the figure with three different y-axis scales to illustrate both the bigger signals from large processes and somatic regions and smaller signals from thin axons. Optical signals corresponding to evoked action potentials were clearly recorded from both soma and processes. In Figure 6 , B and C, most of the detectors appear flat; this is the result of deleting the data to flatten both traces with no signals and traces with signals that would be too large, in order to emphasize the smaller signals. In Figure 6A , traces were not conditioned except one from a detector over the soma. The best signal-to-noise ratio was obtained from the detectors that appear to be over regions of relatively thick proximal axonal branches. The signal-to-noise ratio declined with increasing distance from the soma and with diameter of axonal branches. As evident from the figure, the optical signals were found in the regions of the array that correspond closely to the geometry of the cell. Since this was the only cell stained in the ganglion, the source of the signal is known and we can safely attribute optical signals to potential transients in specific regions of the soma and processes of the stimulated cell.
While the evidence presented above (Fig. 5) shows that the dye signal is proportional to the membrane potential change, it is not possible to determine the actual voltage change from these optical recordings. The optical signal size depends not only on the amplitude of membrane potential change but also on the from Neuronal Processes 
amount of dye bound to the active membrane and on the active membrane area imaged onto each detector. Both the amount of dye bound to the active membrane and the active membrane area are difficult to determine and should vary from one region of the neuron to the next. We presume that the variation in these parameters are responsible for the marked differences in optical signals corresponding to action potentials from different regions of the cell. However, if we assume that the action potential has the same amplitude throughout the soma and axonal branches, we can then scale the optical signals to the same height, and use
Action potential propagation
In the experiment illustrated in Figure 7 , the image of a long axon was projected onto a single row of 12 detectors. The recordings from selected photodiodes (indicated in the figure) report action potentials from different positions along the axon.
Traces from different detectors, scaled to the same height, are superimposed together with the recording from the most proximal axon region. The increasing delay of each subsequent record is due to the propagation delay. The proximal region of the axon, between the first and the fourth pixel, appears to be the site of this scaling factor to determine the size (in mV) of subthreshold action potential initiation. Because no delay has been recorded signals (see below). between these two pixels, which are 224 Frn apart, the simplest explanation is that the action potential evoked by soma stimulation originates in this region.
If we calculate the propagation velocity across the array (from pixel 4 to 12), the overall velocity was 0.15 m/set. However, different axonal segments appear to have different propagation velocities. The highest velocity (0.28 m/set) was detected in the axonal region between pixel 6 and 10, and the slowest (0.07 m/set) in the most distal region, between pixels 10 and 12. In principle, the accuracy of these measurements based on the comparison of time-to-half-amplitude, is better than 1 msec sampling interval because the measurements are made along a rapidly changing signal (Ross and Krauthamer, 1984) . However, the signal-to-noise ratio in recordings from distal parts of the long axonal branch in this experiment (locations 10 and 12, Fig. 7) was not good enough to exclude the possibility of errors in calculating delays. In spite of possible errors, the experiment shown in Figure  7 is important since this was the longest axonal process (1344 p,m) that we were able to analyze. The result indicates that more distal, thin axonal regions might be characterized by substantially lower propagation velocities than the proximal parts.
In the similar measurements from two other metacerebral intemeurons, the signal-to-noise ratio was improved by averaging 64 trials (Fig. 8AJ) . In the experiment shown in Figure 8A , the first action potential occurred in an axonal segment about 500 p,rn away from the soma, in the region between pixel 2 and 5. The spike propagated back toward the soma with the velocity of 0.53 m/set between locations 5 and 8, and was recorded with a delay from the other axonal branch (location 12). The propagation velocity calculated between pixels 9 and 12 was 0.27 mlsec. Since the signal-to-noise ratio is relatively good in this experiment, the nonuniform propagation velocity appears to be real. As a result of different excitability of the separate axonal regions, the action potential initiated by depolarizing the soma appeared first in the remote part of one axonal branch and only after a clear delay in the other axonal branch adjacent to the soma (location 12 in Fig. 8) . However, the origin of the spike recorded from the thicker axonal branch (location 12) in Figure  8A is not clear. It could have originated from the propagation of the action potential evoked in a distal part of the thinner axonal branch. Alternatively, it might be the result of activating a separate action potential in the thicker axonal branch. In fact, the results of the measurements from another neuron, shown in Figure 8B , indicate that two separate spikes are evoked in the two axonal branches by soma stimulation. Recordings from individual detectors from locations 1 and 2 show propagation of the action potential from a distal spike trigger zone toward the cell body with the velocity of 0.25 m/set in the thinner axonal branch. Recordings from locations 3 and 4 show that the action potential in the thicker axonal branch also propagates toward the soma from a more distal site of origin, with a velocity of only 0.16 m/set. This result was also found in three other cells. It is clear that there must be at least two separate spike trigger zones in the metacerebral interneuron and that the propagation velocity is different in different axonal segments. The simplest explanation for the decrease in propagation velocity would be that the decrease in axon diameter was responsible (as predicted by clas- sical cable equations, Hodgkin and Rushton, 1946) . However, cable theory predicts that propagation velocity is proportional to the square root of the diameter for nonmyelinated axons if all other factors remain the same. Thus, cable theory would require that axon diameter be reduced by a factor of 16 to account for the differences in propagation velocity we detected in the experiment shown in Figure 7 . Measurements of axon diameter show that the most distal axonal branches were thinner than the proximal regions by a factor of 4 at the most. In the experiment shown on Figure 8B , the velocity was lower in the thicker axonal branch. Thus, it appears that other factors determining the space constant and propagation velocity must be involved.
Spread of a hyperpolarizing stimulus
Multisite recording can also be used to follow the passive spread of local responses in the processes. An example of such an experiment, using the same cell shown in Figure 6 , is illustrated in Figure 9 . The cell was polarized by 10 mV with a 30 msec transmembrane current step to mimic a large inhibitory synaptic potential. This local response was recorded electrically by the microelectrode in the soma and optically by the array of detectors. The same data are shown with two different y-axis scales. The decline in amplitude of the optical signal with distance from the soma may result from several factors. First, it may be due to the fact that the axon is becoming thinner and less dye is
The Journal of Neuroscience, February 1995, H(2) 1401
available to generate the signal. Second, the decline might be also due to the reduction of dye concentration per unit membrane area with distance from the place of injection (soma). And third, part of the decline is due to a reduction of the electrotonic potential change with distance. If we assume that the action potential in this cell has a constant amplitude along the axon, then the data of the type shown in Figure 6 can be used to determine the scaling factor for each detector. In Figure 10 , the optical recordings are scaled to reflect the relative amplitudes of the evoked hyperpolarization at different positions. The same signal from the most proximal region of the axon is superimposed with recordings from more distal parts. In this experiment, we are dealing with potential transients that are about 10 times smaller in amplitude than the action potential and the signal-to-noise ratio is relatively low. Due to the relatively large noise in the recording from distal axonal regions, it is not possible to extract timing information from these data, nor is it possible to determine reliably the rate of decline with distance. However, the clear decline in the size of the scaled electrotonic hyperpolarizing response with distance was observed in the experiment shown in Figure 10 and in two other similar experiments. This result also implies that relatively modest im- Figure   9 . Optical recording during a hyperpolarizing voltage step induced by passing current in the soma. Twenty-three trials were averaged. This hyperpolarizing step is recorded electrically by the microelectrode in the soma (upper left comer in A) and optically. The same data are shown with two y-axis scales in A and B. As in Figure  6 , some traces are flattened by the display program to improve clarity. provements in sensitivity will allow the direct analyses of the spread and summation of synaptic potentials in neuronal processes without the need for extensive averaging.
Discussion
These experiments were carried out to monitor directly the generation and spread of action potentials and subthreshold signals in neuronal processes. Optical methods with improved sensitivity for recording potential changes simultaneously at many places on neuronal arborization were used.
Optical signals, pharmacological effects, and photodynamic damage Individual neurons were selectively stained by intracellular dye application. The first series of experiments was done using absorption measurements because, at the beginning, we were not technically prepared for efficient fluorescence measurements, and photodynamic damage was a serious problem. The available absorption dyes are not as phototoxic as fluorescent molecules (Cohen and Lesher, 1986) . We think that our effort to use absorption probes was not successful because of the following technical difficulties in using absorption in recording from small processes. One difficulty arises because the fractional change in absorption measurements is directly proportional to the amount of the dye bound to membrane. If 10 times less dye is bound to a small process, the fractional change in transmitted light intensity is 10 times less. This makes it important to stain the membrane heavily. But there are limitations imposed by pharmacological effects when using too much dye. This limitation is especially severe in intracellular dye application; while it is relatively easy to adjust the dye concentration in extracellular application, it is not always possible to increase the amount of dye in distal processes by putting more dye in the soma. It is our experience that during acute dye injection a point is reached when the cell is damaged by additional dye. The amount of dye could be increased by using several injections separated by rest periods, but we did not test this possibility. The second difficulty with absorption measurements from small processes is that the signal-to-noise ratio is dependent on the ratio of the image size to the size of the detector. If the object image is smaller than the detector, the signal-to-noise is degraded. In trying to record simultaneously from different places on the axonal branches and dendritic tree, an objective magnification that will allow projection of the whole structure onto the detector array will make the image of the particular piece of axon or dendrite much smaller (up to 50 times in our experiments) than the detector and, thus, the signal-to-noise ratio will be degraded. We did not find an intracellular absorption dye that is sensitive enough to membrane potential changes to overcome these difficulties.
Neither of these problems exist in such severe forms in fluorescence measurements, and a dramatic improvement was achieved using epifluorescence. The factor of crucial interest in this approach, signal-to-noise ratio, has been improved by a factor of roughly 50 over previously available absorption and fluorescence signals from neuronal processes in intact ganglia. It was possible to monitor action potential signals in a 6 p,rn diameter axon with a signal-to-noise ratio of about 30: 1 in a single trial utilizing the styryl dye, JPW 1114. This improvement depends on (1) the advantages of fluorescence measurements over absorption in recording from small processes, (2) improvements in apparatus to lower the noise and to filter more efficiently; (3) finding a dye that gives relatively large fractional change in fluorescence. The high sensitivity of the styryl dye JPW 1114, with the amino-naphthyl moiety, as compared to the two amino-phenyl dyes (RH437 and RH461) is probably based on differences in size and structure of the chromophores (Fromherz and Muller, 1993) . However, the precise physical origin of voltage sensitivity is not known. Relatively low signal-to-noise ratio that was recorded with the dye JPW1063, a close analog of JPW1114, is probably related to difficulties in obtaining adequate staining; due to higher hydrophobicity, this dye was difficult to inject and its spread from the point of injection was poor even after 48 hr.
Optical recording with good signal-to-noise ratios from neuronal processes has been obtained from neurons in monolayer cultures of dissociated cells (Grinvald et al., , 1982 (Grinvald et al., , 1983 Parsons et al., 1991) . However, monolayer culture is a low opacity system especially convenient for both absorption and fluorescence measurement. Extending these methods to recording from processes of single neurons in intact invertebrate ganglia has been difficult. Ross and Krauthamer (1984) used transmission measurements to record optical signals from neuronal processes in intact ganglia. The signal-to-noise ratio was not as good as recordings from monolayer culture and extensive averaging (400 trials) was required to obtain signals from processes of single cells using extracellularly applied dye. Furthermore, when many neurons are active in a densely packed neuropile it is a problem to determine the source of the signal if all the cells and processes are stained. Grinvald et al. (1987) used intracellularly injected fluorescent dyes to record action potential and synaptic potential signals from individual leech neurons. Due to the relatively low sensitivity of the dyes (fractional change in fluorescence intensity between 0.01% and O.l%), averaging and bleach correction procedures were important and spatial resolution was sacrificed to improve the signalto-noise ratio. Furthermore, the recording was limited to one location. Because the signal size has been small, it had not been possible to use multisite optical recording to evaluate details'of synaptic interactions at the level of neuronal processes. The substantial improvement in signal-to-noise ratio that we report here might facilitate such studies.
Comparison of electrical and optical signals show that fluorescence changes closely follow the time course of the action potential with some irregular discrepancies at longer times (Fig.  5) . We assign these discrepancies primarily to the high-pass filtering of optical signals. Some contributions from the slow noise in optical recording and distortions due to the bleaching of the dye are also possible. With the light intensities we used, the effect of bleaching was small as compared to membrane potential related signals. However, recording slower and longer lasting signals (synaptic potentials) in future experiments may require a bleaching correction (Grinvald et al., 1987) . No significant photodynamic damage or pharmacological effects were observed with the dye JPW1114 injected into the cell from a microelectrode filled with a 3 mg/ml dye solution.
Optical recordings were obtained from cells selectively stained by intracellular injection. Typically, only one neuron in the ganglion was stained and we can safely attribute optical signals to potential transients in specific regions of the neuron. The anatomy of the giant metacerebral cell is such that the cell soma and two main axonal branches are in the same plane of focus for the 10X objective. Both soma and processes are on or close to the surface so that there was little light scattering. In this situation, it is straightforward to identify the regions from which optical signals originate.
Spike trigger zone and propagation
The location of the spike trigger zone in a neuron is an important functional parameter since it determines the relative weight of different synaptic inputs (e.g., Jacobs and Miller, 1985) . When the giant metacerebral cell is stimulated by depolarizing the soma with a current pulse, the site of initiation of the action potential was found to be in the proximal axon. However, this location was variable from cell to cell and might also depend on the stimulus strength, which is difficult to control precisely. Similar results were obtained on barnacle neurons (Ross and Krauthamer, 1984) where the location of the primary initiation zone varied with characteristics of the somatically injected current. In cases where the initiation site of the action potential was in the proximal axonal region adjacent to the soma, we monitored the orthodromic propagation toward the periphery (Fig. 7) . In cases where the first spike was initiated in a remote region of an axonal branch, we monitored its antidromic propagation back to the soma (Fig. 8A,B) . The action potential presumably also propagated orthodromically from the initiation site down the axon. However, since signal size declined with distance from the soma, we were not able to reliably record those signals.
One explanation for these observations is that the cell body and proximal axonal regions are less excitable than more distal parts. However, we cannot exclude the possibility that soma and parts of proximal axons adjacent to the cell body are actually nonexcitable and only passively conduct impulses.
There must be at least two separate spike trigger zones in the metacerebral cell in order to account for the recorded pattern of action potential propagation. The functional significance of multiple trigger zones is not clear and remains to be explored, especially during synaptic activation of the neuron.
The location and precise function of the action potential initiation zone in vertebrate neurons is also uncertain. Experiments on Purkinje cells from juvenile rats (Regehr et al., 1992) and neocortical pyramidal neurons (Regehr et al., 1993) provide evidence that the primary spike initiation zone might be in dendrites rather than in the proximal axon region. Contrary to these results, experiments by Stuart and Sakmann (1994) showed that action potentials are initiated first in the axon, as suggested in the original studies on action potential initiation in motor neurons (Coombs et al., 1957) , and then actively propagate into the dendritic arbor. Obtaining direct evidence might be facilitated by monitoring membrane potential transients at many sites by using voltage-sensitive dyes and selective staining.
Regional differences in propagation velocity could have important effects on the signal integration at the level of single cells. The change in propagation velocity may reflect a change in the space constant of an axonal segment which, in turn, could determines the pattern of spatial summation of subthreshold signals in the processes. We found that propagation velocity was different in different axonal branches and in different segments of the same branch. Recorded velocities are within the range found previously in molluscan preparations (Pin and Gola, 1984; Stepnoski et al., 1991; Fromherz and Vetter, 1992) , but very little is known about how uniform these values are along the neurites of individual cells. Nonuniform propagation has been described previously in the processes of Retzius cells of the leech in culture (Fromherz and Vetter, 1992) . The causes of these variability are not known and might be due to differences in both passive and active properties. Also, the functional significance of nonuniform conduction has not been established. Our results show that optical techniques can be used to look for these effects during synaptic activation of the cell. Figure 9 showed that it is also possible to measure the passive spread of electrotonic responses in the processes. These records were scaled to reflect the relative amplitudes of potential transients at different locations, and the decline of local response amplitude with distance from stimulation site was monitored. It is important that predictions about the space constant of neuronal processes based on optical recordings can now be directly tested by electrical measurements from two locations on the same neuron using patch-electrodes and whole-cell recordings (Stuart and Sakmann, 1994) .
Future improvements
The present results demonstrate adequate sensitivity and temporal and spatial resolution to allow monitoring the generation and spread of electrical signals in neuronal processes from anatomically favorable cells, in regions that are as far as 1 mm from the site of dye injection (cell soma). However, the optical signals are still relatively small and the signal-to-noise ratio declines in amplitude with distance. It is, therefore, important to improve the efficiency of recording.
The most important improvement concerns signal size. Improvement in the fractional change in fluorescence measurements would imply looking for better dyes. Our results suggest and &&vi6 l Optic Signals from Neuronal Processes that more positively charged molecules might give bigger signals. We plan to test additional molecules for better fractional fluorescence changes. The sensitivity of the recording with JPWll14 would also be improved by increasing the light intensity. The signal-to-noise ratio in optical recording is a complex function of light intensity (Wu and Cohen, 1993) . At relatively low intensities the limiting noise in the recording is dark, electrical noise found in the system even in the absence of light. In this situation, signal will increase linearly with the light intensity and since dark noise is independent of light, the signal-to-noise ratio will also linearly increase. At intermediate light intensities, the shot noise due to the statistical nature of photon emission and detection becomes the dominant noise in the recording. Because shot noise increases as the square root of light intensity, in the shot noise limited case, the signal-to-noise ratio will also be improved by increasing light intensity, but only proportional to the square root of the intensity increase. At higher light intensities, the fractional shot noise is low and extraneous noise due to vibrations in the light path and movement of the preparation may become dominant. Since both vibrational noise and signal will increase linearly with light intensity, in the vibrational noise limited case, increasing the intensity will not improve the signal-to-noise ratio. In our experiments, the light intensity from somatic regions was roughly 100 times larger than the light levels from distal axonal branches. As a result, the signal-to-noise ratio in recordings from the soma was limited by vibrational noise while the limiting factor in recording from neuronal processes was dark noise. It is evident that the recording from small neuronal processes is far from theoretical and technical limits. By using an arc-lamp in place of tungsten-halogen lamp to increase the excitation light intensity, it should be possible to obtain quickly a significant improvement in signal-to-noise ratio from processes before shot noise becomes apparent, and much before vibrational noise becomes a limiting factor. Spatial resolution can be further improved by using an array of more elements; these have been recently developed and are in use in several laboratories (Nakashima et al., 1992; Sakai et al., 1993; Vranesic et al., 1993; Wu and Cohen, 1993) . Also, higher magnification objectives can be used to image specific parts of neuronal arborization in more detail.
